Subjects observed a random dot pattern that moved horizontally with modulated velocity within an invisible aperture. The velocity contrast, (V2-Vl)/Vl, was 2/3. Two different percepts occurred while observing this stimulus. At lower modulation frequencies, between 2 and 12 Hz, velocity changes were clearly seen; this percept is called "motion irregularity". At frequencies higher than 20 Hz velocity changes were no longer visible; the moving pattern appeared to be divided into stationary columns of different luminance. We call this percept "pattern irregularity". The critical frequency for detection of motion irregularity was independent of viewing distance; it was an inverted U-shaped function of the linear rather than the angular mean velocity of the pattern. At higher mean velocities the critical frequency increased with increasing aperture size; at lower mean velocities it was not affected by the size of the aperture. It is shown that detection performance is a function of the relative velocity of the pattern, i.e. of the ratio between the mean velocity in deg/sec and the aperture size in deg. Pattern irregularity could be detected at modulation frequencies even above 100 Hz. The critical frequency increased with increasing velocity and with decreasing viewing distance. It is suggested that detection of motion irregularity is determined by two distinct processes that are based on spatial analysis of motion at low relative velocities and temporal analysis at high relative velocities; both processes provide constancy of detection performance regardless of viewing distance. On the other hand, pattern irregularity seems to be detected on the basis of an analysis of the retinal luminance distribution at high modulation frequencies.
INTRODUCTION
Unlike studies of the dynamic properties of vision in the luminance domain, studies in the domain of velocity perception are very scarce and some results strongly contradict each other. In a recent study (Mateeff et al., 1995) we pointed out such a strong contradiction.
In that study we used a moving random dot pattern to measure the temporal threshold for the detection of a short velocity "pulse" with velocity V2 that occurred during an otherwise constant velocity VI. The ratio V2/ V1 was kept constant, V21VI = 2, and the baseline velocity V1 was varied from 1 to 8 deg/sec. We found that the threshold pulse duration decreased from 92.7 to 38.8 msec when V1 increased.This findingallows one to predict the outcome of experiments with modulated velocity, i.e. with single pulses repetitively presented to *Institute of Physiology,Sofia, Bulgaria. To whom all correspondence should be addressed at the Institut fir Arbeitsphysiologie, Dortmund, Germany.
[Entail hohnsbein@ arb-phys.uni-dortmund.de].
the observer for a longer time. Keeping the modulation depth constant, the threshold, or critical frequency, at which the modulation becomes just noticeable should increasewith increasingmean velocity of motion.Data of Werkhoven et al. (1992) obtained with a stimulus consisting of a single moving dot, showed that this may be indeed the case. However,Snowdenand Braddick(1991)have reported exactly the opposite result. They measured the critical frequency at which modulation of the velocity of a moving random dot pattern could just be detected. The modulation depth was kept constant, V2/Vl = 1.6, and the mean velocity of the pattern was varied. They found that the criticalfrequencydecreased rather than increased with increasing mean velocity within the range of l-12 deg/sec. Snowden and Braddick also found that detectionperformanceimproved markedlywhen the size of the pattern was increased, and they mentioned that transparencymotion of the type describedby Van Doom and Koenderink (1982) may occur at higher, suprathreshold, modulationfrequencies.
The dramatic discrepancy between the results of 2874 S. MATEEFFand Snowden and Braddick (1991) and the findings of Mateeff et al. (1995) and Werkhoven et al. (1992) implies that some highly relevant parameters of the stimulationwere overlookedin those studies.The process of perception of modulated velocity obviously needs a detailed investigation to identify these parameters and thus to clarify the causes of the discrepancybetween the data. We also studied the percept that was introduced as "transparency motion" by Snowden and Braddick (1991) . To do this, we used the features provided by our apparatus that allowed us to modulate the motion velocity with frequencies much higher than 100 Hz. At lower modulation frequencies, usually about 2-8 Hz, modulated motion is perceived as jumping; the velocity changes are clearly seen. Increasing the frequency leads to a gradual decrease of the salience of the velocity changes, until an impression of smooth motion occurs. Further increase in the modulation frequency may result in the percept of "transparency motion". Snowden and Braddick (1991) found that transparency motion occurred only occasionally; in our experiments this percept always occurred, provided that the mean velocity and the modulation frequency were sufficientlyhigh. "Transparency motion" may not be the best term to describe this percept. At higher frequencies the moving pattern appeared to be divided into stationary vertical columns of different luminance. We called this percept "pattern irregularity" to distinguish it from the percept of nonsmooth, or jumping, motion at the lower frequencies which we called "motion irregularity". It is necessaryto distinguishbetween these two perceptssince they have rather differentpropertiesand probablyarise in different visual mechanisms.
METHODS

Apparatus and procedure
The apparatus was similar to that used by Hohnsbein and Mateeff (1992) and Mateeffet al. (1995) .The subject sat in front of a white, 0.7 cd/m2 uniform screen and fixated binocularly a fixation point positioned straight ahead.A configurationof randomdots couldbe presented within an invisible square aperture. That is, the aperture was defined only by the presence of dots within it. Aperture sizes of 5 and 20 cm were employedin different conditions of the experiments; the fixation point was placed 0.5 cm below the aperture. The dot pattern was projected by means of an oscilloscope and a sieve with randomly distributed holes, both of which were placed behind the aperture and the screen. The brightnessof the electron beam was adjusted to maximum, and thus the sieve projected a large random dot pattern on the rear of the screen. The subject could see only that part of the pattern that was within the aperture. It consisted on average of 33 dots (within the 5 cm aperture), each dot was of c. 0.4 cm dia and 2 cd/m2 luminance. Therefore, despite the relatively low luminance of the dots, the Michelson contrast was 0.48 and the pattern was clearly visible. When the electron beam moved, the pattern J. HOHNSBEIN moved in the opposite direction. A detailed description and analysis of this projection method is given in the Appendix of Mateeff et al. (1995) . In the present study software and hardware modificationswere implemented to improve the spatiotemporalparameters of the motion. The position of the electron beam was controlled by the output voltage from a 16 bit D/A converter. In this way motion of the pattern over 1 cm on the screen was sampled by 3000 steps. Each new position of the beam was calculated every 0.1 msec by a PC AT 486.
With this apparatus we presented motion that was for all practical purposes continuous and the parameters of the velocity modulation could be controlled with satisfactoryprecision for frequenciesup to 150 Hz. This is the advantageof our apparatusover commercialVDUS with refresh rates of 70 or 100 Hz. However, a single sweep was not enough to present higher velocities for long exposures.To achieve this the electron beam had to make two or more sweepswith a dark period of 0.1 msec between them. This dark period was not noticed, but a smalljerk of the moving pattern could be noticed at the start of every new sweep since all of the dots were abruptly repositionedat that moment. This was the price for the high spatiotemporalresolutionof this method:our motion stimuliwere mixed with occasionalnoisejerks at velocities between 8 and 25 cm/sec. At velocities higher than 25 cm/sec the pattern began to smear and the jerk was not noticeable.
We used motion stimuli of 3 sec duration for the measurement of the critical frequency for perception of "motion irregularity" (Expts 1-3). The velocity contrast (V2-Vl)/Vl was alwaysfixed at 2/3. A similarcontrast, 0.6, was used by Snowden and Braddick (1991) . The stimuliwere presented in pairs of intervals, separated by 0.5 see, preceded by a warning signal. One of the two intervals contained motion with modulated velocity, the other one containedmotion of constantvelocity, equal to the mean (V2 -Vi)/2. Both intervalscontainedthe same number of sweep repetitions. The measurement started with low frequencies when the motion irregularity was clearly seen for the given mean velocity. The task of the subjectwas to reportwhich of the two intervalscontained the irregular motion. The modulation frequency was increased after each correct report until the subject reported "No difference". After the first report "No difference" the modulation frequency was changed according to a simple staircase method (Cornsweet, 1962) . The first two reversals of the staircase were discarded, then the procedure was continued until ten reversals had occurred. Incorrect reports (which were very infrequent)were treated as "No difference" reports. In fact, this was a yes-no method.
The maximum frequency at which motion irregularity could be detected was about 15 Hz. When the frequency was further increased, to about 20 Hz, the percept of "pattern irregularity" occurred. For this reason the subjects were instructed to adopt a conservative, criterion and to base their reports solely on impression of the regularity of the motion. instruction was needed to avoid subjects basing their judgments on pattern irregularity. Measurementsof the critical modulationfrequencyfor the detection of pattern irregularity(Expt 4) were carried out with the same procedureas that of Expts 1-3.Initially the subjects (who had already participated in Expts 1-3) were presented with very salient examples of pattern irregularity. They were then presented with pairs of motions of 3 sec duration each, and were asked to indicate the motion which contained pattern irregularity. The frequency of modulation was increased until the subjects reported no difference between the two presentations.The frequencywas decreasedafter each report "no difference" or incorrect report and increased after each correct report according to a simple staircase method.
The subjectswho participated in the experimentswere female and male universitystudents,aged 22-24 yr, with normalvision.The first authorparticipatedin Expts 1 and 4.
EXPERIMENT1
This experiment was aimed at replicating the main finding of Snowden and Braddick (1991) : the critical frequency for detection of velocity modulation (motion irregularity) decreases with increasing mean velocity. We used an aperture of 5 cm x 5 cm, a viewing distance of 228 cm and angular velocities of 3, 5, 8 and 11 deg/sec.Four subjectsparticipatedin the experiment.The individual data are shown in Fig. 1 . Unlike the previous data (Mateeff et al., 1995) they agree with the results of Snowden and Braddick (1991) .
Having obtained the data from this experiment, it became possibleto identifythe crucial parameterthat led to the difference between Snowden and Braddick's data (1991) and our data (Mateeff et al., 1995) .It was neither the luminance, nor the size of the dots, nor their number or density. The crucial parameter was the viewing distance. The experiments in our previous study were carried out with a viewing distance of 30 cm, whereas Snowden and Braddick obtained their data with a viewing distance of 300 cm, which is comparable to the viewing distance of 228 cm used in our Expt 1. In the next experiment we manipulated the viewing distanceso as to obtain either a decreaseor increasein the critical frequencywith increasing angularvelocity of the dot pattern.
EXPERIMENT2
The experiment was carried out with mean angular velocitiesof 1, 2, 6, and 10 deg/secand viewing distances of 28.5, 114, and 228 cm. The aperture size was kept constant at 5 cm. Ten subjects,six male and four female, participated. At 10 deg/sec and the viewing distance of 228 cm, three of the subjects were not able to see any difference between motion of constant velocity and modulated motion even at the lowest frequency of 1 Hz. We gave them a score of OHz for this condition. velocities, the critical frequency can either increase or decrease, depending on the viewing distance. An increase in the critical modulation frequency with increasing angular velocity of the stimuluswas obtained at the short viewing distance of 28.5 cm. This result correspondsto our findingthat the threshold durationfor detection of a single velocity pulse, presented "on the background" of anothervelocity, decreaseswith increasing the backgroundvelocity from 1 to 8 deglsec (Mateeff et al., 1995) . A decrease of the critical modulation frequency with increasing angular velocity was found in Expts 2 and 1 with a 228 cm viewing distance. Thus, the data from Expt 2 confirm that the viewing distance, which has been neglected so far in the studies on detectionof velocity change, is a crucial parameter in the process of detection of modulated velocity.
The data shown in Fig. 3 are the same as those in Fig.  2 (A)-(C) but are presented as a function of the linear velocity of the pattern with the three viewing distances rather than as a function of the angular velocity. The experimental points seem to lie along a common curve that has its maximum at about 12 cm/sec. Figure 5 in Snowden and Braddick's study shows a decrease of the critical frequency from about 12 to 3 Hz when the mean velocity of the pattern increases from 4 to 13 deghec. When observed from a distance of 300 cm, this range of angular velocities corresponds to a range of 21-68 cm/ see, which is to the right of the maximum of 12 cm/sec. Within this range criticalfrequencydropswith increasing velocity. In our study (Mateeff et al., 1995 Expt 1) the mean velocities used were between 1.5 and 12 deghec.
The stimuli were observed from 30 cm; therefore, the linear velocities were between 0.78 and 6.3 cm/see, where critical frequency rises with increasing velocity. Thus, the contradictionbetween our data (Mateeff et al., 1995)and those of Snowden and Braddick (1991) is only
Velocity in cm/s FIGURE4. Resultsfrom Expt 3. The data for the critical frequencyfor detection of motion irregularity (ordinate in Hz) are averaged for six subjects and plotted vs motion velocity in log crrr/sec (abscissa), viewing distance and and aperture size (see inset).
apparent; it is obviously due to the inappropriateuse of angular velocity to specify the stimulus in the two studies.
The fact that detection of modulated velocity is a function of the linear rather than of the angular velocity of motion could be expressedin other terms, namely that this performanceis independentof viewing distance.The data from Expt 2 do not providesufficientsupportfor this statement since only one linear velocity, 4 cm/see, was presented at two different viewing distances, 28.5 and 114 cm. In the next experimentwe presented four linear velocities of motion, each of which was observed from two viewing distances. We have also suggested that the retinalsize of the aperturemaybe an importantparameter which varies with viewing distance. That was the reason to introduce aperture size as a factor in Expt 3.
EXPERIMENT3
We used four mean velocities of motion: 2, 8, 32, and 44 cm/sec. The first two were well within the range of velocitieson the left side of the maximumin Fig. 3 , while the other two were on the right side of the maximum. Two viewing distances,57 and 228 cm, and two aperture sizes, 5 and 20 cm, were used. Only the aperture size was varied; the linear size and the linear interdot distance were kept constant.Six subjects,a subgroupfrom the ten subjects that were employed in Expt 2, participated in Expt 3. All combinations of velocities, apertures, and viewing distanceswere presentedto each subject.Blocks with different combinationswere randomizedwithin and among subjects.
Again, as in Expt 2, three of the subjects experienced difficulties in detecting the modulation at frequencies
32 48 Velocity in cmls FIGURE5. Results from Expt 4. The data for the critical frequencyfor detection of pattern irregularity (ordinate in Hz) are averaged for six subjects and plotted vs motion velocity in cm/sec (abscissa), viewing distance and aperture size (see inset).
above 1 Hz for the conditionwith the 5 cm aperture and a velocity of 44 cm/sec. Their performance was scored with the value OHz for this condition. Figure 4 summarizes all results; they are in general agreement with those in Fig. 3 . Irrespective of aperture size, detection improved when the velocity increased from 2 to 8 cm/sec and deteriorated when the velocity increased from 32 to 44 cm/sec.
Viewing distance had no effect at the two high velocities; however, the subjects tended to penform somewhat better with the two lower velocities while viewing from 57 cm.
Increasing the aperture size markedly improved the performance at higher velocities. This was a very salient effect; modulation frequencies that were above the critical frequency with the 5 cm aperture were clearly visible with the 20 cm aperture. At the two lower velocities, however, there was no measurable effect of the aperture size on the detection performance.
The data were treated by a four-way ANOVA, the subject factor being random. The main effect of viewing distance was not significant (F= 3.12; d.f. = 1,5). The main effect of velocity was significant at P c 0.01 (F= 29.3; d.f. = 1.18, 5.89, Greenhouse-Geisser adjusted) and the effect of aperture size was also significant at P <0.01 (F = 39.7; d.f. = 1,5). The only significant (P e 0.05) interactionwas between velocity and aperture size (F= 9.0; d.f. = 1.12, 5.6, Greenhouse-Geisser adjusted). A post hoc analysis showed that this interaction was due to the interactionbetween velocity and aperture size at the two higher velocities, 32 and 44 cm/see, as is apparent in Fig. 4 .
Our final experiment was aimed at collecting data about the critical frequency for detection of pattern irregularity.
EXPERIMENT4
In pilot observationswe found that pattern irregularity became salient at modulation frequencies above 15-20 Hz, i.e. just above the maximum critical frequency of 12 cm/sec for detection of motion irregularity (see Fig.  3 ). However, it occurred only for velocities higher than 10-12 cm/sec and therefore, in the experiment we used velocities of 16, 32, and 48 cm/sec. Two viewing distances,57 and 171 cm, and two aperture sizes, 5 and 20 cm, were also used.
The full 3 x 2 x 2 design was carried out with five subjects. For each subject, and each combination of conditions, the two first reversals of the staircase were discarded, and the measurementwas continued until ten threshold estimates were collected. The results of this experiment are shown in Fig. 5 .
The data show that the percept of pattern irregularity disappeared at frequencies much higher than the critical frequencies for motion irregularity. The critical frequency for pattern irregularity increased with increasing velocity (F = 635.7, d.f. = 2, 8, P c 0.01), it decreased with increasing viewing distance (F= 88.1, d.f. = 1,4, P c 0.01) and with increasing aperture size (F= 12.6, d.f. = 2,8, P < 0.05). The interaction between viewing distance and velocity was also significant (F= 21.8, d.f. = 2,8, P < 0.05).
DISCUSSION
Motion irregularity
A basic question is: What is the relevant parameter of stimulation that remains constant with viewing distance and that determines detection of motion irregularity? Two candidates suggest themselves: the mean temporal frequency of the pattern and the relative velocity of the pattern.
The mean temporal frequency of our moving pattern can be defined as the mean number of dots that cross an arbitrary point within the aperture per unit of time. This mean temporalfrequency is a function of dot density and motion velocity, and it does not change with viewing distance. Modulationof the velocity leads to modulation of the temporal frequency and therefore detection of modulated velocity could be based in principle on detection of temporal frequency modulation.
However, the dot density of our pattern was relatively low;we had about33 dotswithin the 5 cm aperturewhich corresponds to a mean density of 1.32 dots/cm2. The diameter of each dot was 0.4 cm, and it is easy to calculate that an arbitrary point within the aperture will be crossed by 5.28 dots/see on average at a velocity of 10 cm/sec. This mean temporal frequency can be regarded as the carrier frequency that is modulated by the velocity pulses. It is evident from Fig. 3 that the critical modulation frequency for 10 cm/sec is about 10 Hz, i.e. it is about twice as high as the carrier frequency, which does not support the view that the detection of motion irregularity is a case of detection of frequency modulation. The relative velocity of the pattern can be defined as the ratio between the angular velocity of the pattern and the retinal size of the aperture. For small visual angles, relative velocity does not change with viewing distance and, moreover, many studies have demonstrated its relevance for perceived velocity of objects moving within a visible frame [Brown (1931) ; Wallach (1939 Wallach ( , 1987 ; Epstein (1978) ; Zohary & Sittig (1993) ;see Mack (1986) for a review]. In the case of dot patternsthat move within an aperture the relative velocity has a straightforward and important physiological meaning: it is the inverseof the dots' lifetime and it is reasonableto assume that detection of motion irregularity is determined by relative velocity.
In Expt 3 we varied the aperture size, while the dot density,and thereforethe mean temporalfrequency,were kept constant.Despite the constanttemporalfrequency,a strong effect of aperture size was obtained at the two higher velocities. This suggest that aperture size is more relevant than temporal frequency for the detection of modulated velocity. A consideration of relative velocity automaticallyincludes consideringaperture size as well, and seems to be more promising for a common interpretationof the data of both Expts 2 and 3.
Let us now consider what takes place on the retina when motion with modulatedvelocity is presented to the observer.In this case, all dots of the pattern move for half a modulationperiod at a lowervelocity and then for half a period at a higher velocity. The length of the path traversedby each dot during a singlemodulationperiod is given by the ratio V/f where V is the velocity in degksec and f is the modulation frequency in see-l. We shall use the term "modulation cycle" and the notation S for this variable. The higher the modulation frequency, the shorter the modulation cycle. There exists a threshold modulation cycle $ in degrees and modulation cycles that are shorter than St are not visible. The value of St is equal to V/fC, where fC is the critical modulation frequency, obtained in Expts 1-3.
Suppose that the modulation cycle provides a meaningful idea about the processes that occur when modulated velocity is presented. Imagine, for example, that the modulation frequency is kept constant, for example, f= 6 Hz. At very low mean velocities the corresponding modulation cycles on the retina will be extremely short and the visual system will not be able to resolve the two velocities presented within each cycle. Increasing the mean velocity will lead to an increase of the modulation cycle, S = V/f, until it reaches the thresholdSt and motion irregularity is detected. Increasing the velocity and correspondingly S further may further improve the visibility of the percept of motion irregularity,until the value of S becomes comparable to and even larger than the aperture.The observerwill again have difficulty in detecting the modulation of the velocity, since large modulation cycles are difficult to observethroughsmall apertures.This qualitativedescription of the spatial aspect of motion with modulated velocitypredictsan invertedU-shapedfunctionoff. vs V, similar as shown in Fig. 3 .
In Fig. 6 (A) and (B) we plotted the threshold modulation cycle as a function of the angular velocity of motion, calculated from the data from Expts 2 and 3. For all conditions of the two experiments the threshold modulation cycle increases with increasing angular velocity.Therefore, it seems that the visual system needs space to resolve changes in motion velocity; the higher the velocity, the larger the space needed. Moreover, the threshold measures for temporal~.) and spatial (St) velocity resolutiondo not necessarilycorrelatewith each other in the case of detection of motion irregularity.This statementreflectsthe differencebetween the shape of the curves in Fig. 6 and in Figs 2 and 4 .
Next, we tried to establish the role of relative velocity in the spatial aspect of the detection performance. To do this, we normalized the data in Fig. 6 (A) and (B) by dividing each retinal velocity V and each St value by the retinal aperture size A (in degrees)at which the data point was obtained. As mentioned above, the ratio VIA gives the relative velocity of the pattern, or the inverse lifetime (A/V) of each single dot. The ratio S,/A that we call "relative threshold modulation cycle" yields the length of the modulation cycle measured in units of aperture size. The plot of S4A vs V/A for all data points of Expts 2 and 3 is shown in Fig. 7(A) . The points lie on a common, monotonicallyincreasing curve. Thus, for the case of detection of motion irregularity, the following empirical rule can be formulated: the relative threshold modulation cycle is an increasing function of the relative velocity. This rule provides a global, primary description of the performance over a range of 3 log units [ Fig. 7(A) ].
Obviously, many other parameters of stimulation that change with changing viewing distance or aperture size may potentially affect the detection performance. However, these will be second-order effects that will not change the general empirical rule. To support this statement, consider the data of Snowden and Braddick (1991) who measured the critical modulation frequency for differentmean velocitiesand two aperturesizes.Their display was rather different from ours: they used 400 pixels on a VDU instead of our 33 relatively large dots of low luminance. Moreover, they varied the aperture size by magnifying the pattern size from 5 to 19.5 cm, i.e. the dot size remained the same but the dot density and, therefore, the mean temporal frequency changed nearly by a factor of four. Using the data from Fig.7(B) ].Notwithstanding the large differences in the displays in our study and theirs, the rule that the relative threshold modulation cycle is an increasing function of the relative velocity also works with their data. Moreover, the fact that the temporal frequency of the pattern was altered by a factor of four in their experiments does not lead to essential deviationsfrom the rule. This further supportsthe above statement that the temporal frequency does not play a primary role in the detection of motion irregularity.
From the empirical rule it follows that detection performance is independent of viewing distance, since relative velocity does not change with viewing distance. This conclusion, however, does not yet tell us anything about the underlying processes that lead to constancy of performance and to the relationships seen in Figs 2-4, and Fig. 7 . A deeper analysisof the data of Expts 2 and 3 suggests that two distinct processes may be involved when motion irregularity is detected. These processes become salient at two extreme cases: at low and at high relative velocities.
A low relative velocity can be achievedby the use of a sufficientlylarge aperture and a sufficientlylow velocity. This requirement was nearly met in Expt 3, with velocities of 2 and 8 cm/sec. The aperture sizes used were 5 and 20 cm, therefore the relative velocities were between 0.1 and 1.6 apertures/see. The data show that varying only aperture size does not affect the critical frequency,~., and therefore the threshold modulation cycle,St = V/fC.Presumably,if the aperturewere enlarged to the size of the entirevisualfield,St andf. would remain constant. However, the relative threshold modulation cycle is defined as SJA; thus it is a function of the aperture size and therefore a function of the relative velocity V/A, as shown in Fig. 7 . Why, then, is the critical frequency approximately constant in respect to the viewing distance when the relative velocity is low?
The key to the answer is that the threshold modulation cycle increaseswith increasing angular velocity (Fig. 6) . At low relative velocities, i.e. with a sufficiently large aperture, St is approximately proportional to V, St(v) % W' [see Fig. 6(A) , the data points for 57 cm viewing distance]. The critical frequency,~., is equal to V/St and hence~.(v) x I/k. Therefore, the critical frequency remains approximately constant when the angular velocity is varied and is almost independent of the viewing distance. This is evident from the results from Expt 3; the viewing distance has some, but rather small, effect on~Cat velocities 2 and 8 cm/sec.
Let us assume for a Gedankens experiment that we have found observation conditions under which St is constant with angular velocity V, St(v) = k. Since~. = V/St, we would get:~.(v) = V/k, i.e.~Cwould be a linear function of V in deg/sec rather than in cm/see; therefore, Cwould vary inverselywith viewing distance. So far, the real experimentsshow that this is not the case, but that St increases with velocity. This can be described as a progressive loss of spatial resolution with velocity, as proposedby Snowdenand Braddick(1991).Data of other authors are also in accordance with this statement. Van Doom and Koenderink (1982) suggested that higher angular velocities are detected by motion detectors that have larger spans than those detecting lower velocities. This implies that higher velocities need a larger space to produce an acurate velocity signal. Dzhafarov et al. (1993) analyzed the speed of reaction to single abrupt changes in the velocity of random dot patterns. They developeda network model that essentiallycalculatesthe running variance of the positions through which the stimulus has passed. When the variance exceeds a threshold value, the velocity change is detected. To account for the experimentaldata quantitativelythey had to assume that the threshold variance may be an increasing function of the velocity before the change. This assumption also implies that the visual system may need a larger space to detect changes in highervelocities.
Therefore, the increaseof Stwith increasingVseems to be a basic and intrinsicproperty of the motion perception system; the critical frequency that is obtained at low velocities and large aperture sizes reflects the loss of spatial resolution with increasing velocity. Detection of motion irregularity under these conditions seems to be based predominantlyon a spatial analysisof the motion; we call it detection of S-type.
The S-type of detection contrasts with the other extreme case of detection of motion irregularity,namely, when the aperture size is small and the velocity high, so that the relative velocity is higher than 3-4 apertures/see and correspondinglythe lifetime of the dots is less than 0.3 sec. Spatial analysis of the motion would not be possiblein this case, since a singlemodulationcycle may become much larger than the aperture and the notion of modulation cycle would not make physiological sense anymore. To detect the irregularity of the motion, the visual system is forced to adopt another strategy, namely to perform a temporal analysisof the velocity signal that is produced within the aperture. We designate this process as detection of T-type.
An importantpart of the temporalanalysisof motion is the integrationof the velocity signal in time (Nakayama, 1985; McKeeet al., 1988) .In our recent study (Mateeffet al., 1995) we assumed that the integrationconsists of an averaging of the velocity within a moving temporal window. We now further assume that the shorter the lifetime of each moving dot, the lower the quality of the velocity signal and therefore the larger the width of the temporal summationwindow that is needed to provide a sufficiently accurate signal. Successful detection of modulation can occur if its period l/~is longer than the summation window. Therefore, the critical modulation frequencybecomes a function of the lifetime of the dots: the shorter the lifetime, the lower the threshold frequency. Note that~Cis assumed to be a function of the dots' lifetime regardless of how their lifetime changes: whether it be due to variations of velocity or of aperture size. In this concept,both parameters have an equivalent and interchangeable influence on critical frequency. This T-type detection contrasts with the Stype, in which the aperture size per se plays no role as long as the dots' lifetime is sufficientlylong. In Fig. 8 the critical frequencies obtained in Expts 2 and 3 are plotted against the relative velocity of the pattern. It is seen that above 3 apertures/see the data points lie on a straight line with negative slope, i.e. the values of & decrease linearly with increasing relative velocity. For relative velocitiesthat are above this value, or, equivalently,for lifetimes that are shorter than about 0.3 see, pure detection of T-type can be observed. With increasing lifetime, the S-type detection becomes more and more effective; the critical frequency is no longer determined directly by the relative velocity or the lifetime of the dots.
Therefore, unlike the S-type detection, the T-type is intrinsically viewing-distance-invariant,since detection is directly determinedby the lifetime of the dots, and the lifetime does not change when the viewing distance varies. The detection process is temporally determined and the critical frequency~Crather than the threshold modulation cycle St is the primary dependentvariable.
When an object that is moving with a certain linear velocity is observedfrom differentviewing distances,the perceived velocity is approximately constant, although the velocity of motion of the retinal image varies in inverse proportion to the distance. This is usually called constancy of visual velocity (Wallach, 1939; Mack, 1986) and it is worth considering the possible relation between this phenomenon and the constancy of modulation detection that was observed in our experiments.
Constancy of perceived velocity certairdy affected perception under our conditions of observation. For example, in Expt 3 there was no perceptible change in velocity when the same linear velocity was observed from the two viewing distances of 57 and 228 cm/see, correspondingly detection performance did not change. Moreover, when observed from 57 cm, the motion of 10 deg/sec in Expt 2 seemed to be a moderate velocity, whereas when observed from 228 cm, this motion appeared to be very fast. These were also the spontaneous impressionsof the subjects;as mentionedabove, three of them were unable to see any modulation even at the lowest modulation frequency of 1 Hz with 10 deglsec velocity and 228 cm viewing distance. They complained that "it is too fast to see anything". These informal observationssuggest that the two phenomena, constancy of perceived velocity and constancy of detection of modulation,might be related to each other.
The second reason for lookingat the relation of the two phenomena of constancy is that according to the known "transpositionprinciple" (Wallach, 1939 (Wallach, , 1987 velocity constancy seems to be also determined by the relative velocity of motion, as is the constancy of modulation detection. The transposition principle has usually been demonstrated with the help of two fields that contain moving objects (Brown, 1931; Epstein, 1978; Zohary & Sittig, 1993) . The fields are positioned at the same distancefrom the observerand one of them is magnifiedn times compared to the other. In this case, the velocitiesof motion within both fieldsare subjectivelyequal when the linear (and thereforethe retinal)velocitywithin the larger field is approximately n times higher than the velocity within the smaller field. In other words, under certain conditionsperceived velocity is a function of the relative velocity in respect to the frame size and therefore it is invariant in respect to viewing distance. The fact that comparing two velocities and detectingvelocity modulation are both dependenton the same basic parameter may not be a pure coincidence. Instead, it might suggest that the same visual mechanisms are involved in these two different types of performance.
Pattern irregularity
The data of Expt 4 show that pattern irregularity is a percept that is rather different from motion irregularity. For example, within the same range of velocities the critical modulation frequency for detection of motion irregularityis invariantin respect to the viewingdistance, but the critical frequency for detection of pattern irregularity is not. We also noticed another important difference between the two percepts. Motion irregularity is better seen when the pattern is pursuedwith the eyes, as was also reported by Snowden and Braddick (1991) and Werkhoven et al. (1992) . The percept of pattern irregularity, however, disappeared totally when ocular pursuit of the dot pattern was attempted; in this case modulatedmotionbecame indistinguishablefrom motion of constant velocity. Perception of pattern irregularity seems not to be related at all to the motion perception mechanisms; it may be caused by the changes in the light energy that reach the retina when the dots smear at higher velocities. During half of a modulationperiod the dots move with a higher velocity,and during the other half of a period they move with lower velocity. Accordingly, the two retinal half-cycles are differently illuminated. The switching from lower to higher illuminationoccurs synchronously for all dots, most probably leading to the observed vertical strips of low and high subjective luminance. Presumably,pattern irregularitycould be perceived by a motion-blind subject. Increasing the modulation frequency leads to a subjective increase in the spatial frequency of the strips; some subjects spontaneously reported this increase during the experiment. When the dot pattern is pursued with eyes, the line of sight presumablymoves at the mean velocityof the pattern;the modulation of velocity then leads to oscillations of the dots relative to the line of sight. These oscillationsare of very small amplitude and of very high frequency; they remain unnoticed and therefore, no percept of pattern irregularityoccurs.
Thus, perceivingpattern irregularitymay be a complex process, including operation of mechanisms for contrast detection and for reducing the (Burr, 1980) . Similarly, as in the irregularity, we calculated the visible motion smear analysis of the motion threshold modulation cycles $ that correspondto the data in Fig. 5 and plotted them as a function of the retinal velocity of motion. The plot is shown in Fig. 9 . It maybe seen that for a constant viewing distance the percept of pattern irregularity disappears at a critical modulation cycle $, which is almost independent of velocity. Figure 9 contrasts strongly with Fig. 6(A) and (B) where the threshold modulation cycle markedly increases with increasing retinal velocity. The data for the two distances in Fig. 9 differ; for the larger viewing distance the threshold modulation cycles are shorter than those for the nearer. This improvement may be due to the higher dot density and to the smaller size of each dot on the retina at the larger distance.
The threshold modulation cycles for detection of pattern irregularityare between 0.18 and 0.38 deg. These values nearly coincide with the threshold modulation cycles for the S-type of detection of motion irregularity, which also vary between 0.15 and 0.5 deg. This similarity between the thresholdsmay explain the fact that we were not able to observepattern irregularityat lower velocities of motion: the two percepts may have coincided in this case, the impression of motion irregularity having prevailed over the impression of pattern irregularity.At higher velocities the threshold modulation cycle for detection of motion irregularity increases greatly, whereas the threshold cycle for pattern irregularity remains constant. As a result, the two percepts are observed at different modulation frequencies.
Notwithstandingthat pattern irregularitydoes not seem to be a motion-specificpercept, it is worth discussing it together with the percept of motion irregularity. The existance of these two percepts shows that detection of modulated velocity may be an ambigous task. For example, a naive subject observing a motion of 48 cm/ sec mean velocity which is modulatedat 100 Hz, will not report a perception of changes in motion speed. Nevertheless, performing a "same-different" task, the subject will be able to perfectly distinguish this motion from a motion with constant velocity of 48 cm/see, due to the salient percept of pattern irregularity that occurs under these conditions. On this basis, a trained subject would have no problem in establishing that the velocity of the dot pattern is modulated even when motion of constant velocity is not presented for comparison.
The two percepts, motion and pattern irregularity,have rather different characteristics. Motion irregularity is mediated by mechanisms that analyze motion velocity. Both types of detection of motion irregularity,the S-and the T-type, need space and time and are performed relatively slowly. Pattern irregularity,on the other hand, seems to be mediated by a mechanism that analyzes the distribution of light energy on the retina. It has much better dynamic properties than the mechanisms responsible for the percept of motion irregularity.
Thus, the visual system has at least two ways to establish that the velocity of a moving dot pattern has changed. Whether and under which conditionsthese two ways may be employed is now an open question. Most probably,analysisof light distributionmaybe used when the visual task is associated with time pressure such as reacting as quickly as possible to a velocity change. Analysis of motion velocity takes more time; it may be used in cases in which motion stimuliof long durationare compared in respect to their velocity.
